The Idukki Reservoir at an altitude of 748m covering an area of 53 km 2 is surrounded by tropical forests in the Western Ghats in the southwestern Indian state of Kerala.. We used the small AUV Maya with onboard sensors of dissolved oxygen, chlorophyll, turbidity, temperature and depth to monitor the water quality environment of Idukki Reservoir in May 2006. The use of AUVs in confined spaces like small lakes and reservoirs is new and uncommon requiring extra safety to be implemented. As this is a prototype AUV, we shall describe in brief key aspects of the vehicle attributes namely; its novel mechanical design, the autopilots which control the heading and cruising depth, safety and endurance of the platform. The data acquired by Maya revealed an acute oxygen deficiency at 21m, a mid-water low turbidity layer between 10 to 15m, and a prominent chlorophyll maximum in the thermocline region of Idukki waters at 6m. These experiments were repeated a year later in May 2007 are in agreement with the 2006 findings of hypoxia unambiguously. These are the first observations of hypoxic processes using a small AUV in any Indian lake. The relevance of these results in freshwater systems show similarities to hypoxia in saline coastal waters of the west coast of India and are discussed briefly.
Introduction
Hypoxia in aquatic systems refers to waters where the dissolved oxygen concentration is below 2 ml/L of water. A complete lack of oxygen i.e 0 ml/L is called anoxia. Since organisms that can live without oxygen (such as some microbes) are the only residents in these areas, they are sometimes called "dead zones". Hypoxia is primarily a problem in estuaries and coastal waters, although it can also be a problem in freshwater lakes. Most organisms avoid or become physiologically stressed in low oxygen waters. 
Experimental
Mechanical aspects A simplified longitudinal section of the Maya AUV is shown in Figure 1 . The design of Maya as described by Madhan et al (18) is that of a classical submarine consisting of a low drag slender ellipsoidal removable nose cone on which scientific sensors can be mounted, a main cylindrical hull of length 1.24m, wall thickness 6mm and diameter 0.234m bored out from a single solid bar of aluminum alloy and then closed at both ends by identical O-ring sealed end plates, and a tapered Myring profile tail cone enclosing a single DC motor at the extreme end for propulsion. The Doppler Velocity Log (DVL) which measures the relative speed of the vehicle is located on the main hull at a distance of 0.46m from the rear endplate. It is seated in a volume that was carved out by a transverse bore of the main hull. The three acoustic beams on the DVL radiated downwards towards the seabed. It has two stern planes and two rudders to control diving and heading maneuvers respectively. The control planes follow a standard NACA 0015 section with an aspect ratio of 4.27. Stainless steel shafts embedded in the control planes are connected to separate servomotors mounted inside the hull wall through an in-house designed temperature and pressure compensated shaft seal. The antenna stub located at the rear of the AUV accommodates a GPS (Global Positioning System) antenna, and the 2.4 GHz radio modem antenna. The modem can receive commands from the shore computer over a high-speed UHF radio link as well as transmit data over the same link.
Electronics on AUV
-The electronics on board Maya is built around a distributed control architecture consisting of intelligent microcontroller nodes connected to each other through a Controller Area Network (CAN). The CAN nodes are assigned low level tasks that control fin and rudder movements, motor thrust, manage power usage and trigger safety operations. The main node is a PC/104 stack consisting of an Intel 486 compatible CPU card, a dual port CAN card and a four port serial card. A specially created embedded Linux is used as the Operating System (OS) for the main node which runs on the on-board flash disk (the Disk On Chip-DOC) and uses a 128 MB compact flash disk for data storage.
High performance tasks are assigned to the main node which include data acquisition from the Attitude and Heading Reference System (AHRS) which provides roll, pitch, yaw, the corresponding rates, and the heading reference, GPS, DVL, mission guidance, control, navigation, and radio modem communications with the shore computer. The science node acquires data from sensors on the nose cone, and receives position and time stamps from the main node. See Table 1 for the main specifications of Maya AUV, and Figure 4 . The thermistor on the customized CTD module and the DO sensor have response times less than 3s and 25s respectively, longer than the faster chlorophyll cum turbidity (~ 125ms) and conductivity( ~95ms) sensors (see Table 2 ). The DO sensor has some useful advantages namely its pressure behaviour is fully reversible, it consumes no oxygen, the optical paths are all internal to the sensor, and its long response time suggests its suitability to slow profiling (Kortzinger et al. 2005 ). As we shall see later, response times of sensors need to be considered when deciding the dive pattern of the AUV as this affects the shape of the downcast and upcast profiles significantly. The controllers have met the requirement of performance and stability in both the vertical and horizontal planes and this was investigated by Maurya et al (19) . At a practical level, the use of the delta implementation removes the bias from the stern planes obviating the need of a special sensor for precision measurement of control plane angles (Kaminer et al 1995) . Extensive tests of the autopilots were first carried out at the Amthane Reservoir in Goa, India so as to arrive at the best set of gains and bandwidths.
Autopilots for Heading and
In order to assess, the accuracy of depth control of Maya, a short staircase test of the vehicle to controlled depths of 1.5m and 2.5m was conducted at the reservoir. The depth controller drives the error signal i.e the difference between the set reference depth and the current depth sensor measurement until it is close to zero. In practice it was possible to control depth to within ±5cm in calm conditions of the dam. This small error can arise from inherent noise and external disturbances to the sensor. In this sense, the controller output is independent of the accuracy of the pressure sensor. The Honeywell PPTR pressure sensor was calibrated using a standard oil pressure gauge at constant room temperature and was checked to be within the stated accuracy of 0.05% of full scale 500 psia i.e approximately 17cm. The simulated response from the control system toolbox of Matlab TM using the model in the vertical plane is shown for in Simple Line of Sight (LOS) way point guidance scheme with path following was used in the guidance of the craft. The switch from using the GPS to DVL and vice versa is done smoothly using a complimentary filter. A path following guidance test at Supa Dam, Karnatka, India was conducted with Maya AUV performed a square mission on the surface and two consecutive depths of 3m and 5m. (see Figure 6 ) Safety Aspects on AUV -Incorporating safety features on the AUV is of prime importance and we have considered and implemented the following:
Power safety which monitors the bus voltage on a network node, and redirects the AUV to home coordinates if the power level falls below a minimum threshold level.
Software safety ensures that the DC thruster is shutdown if the vehicle crosses programmed depth, or exceeds a set pitch angle.
Built-in software timeouts ensure that the AUV surfaces if it takes more than the estimated mission duration.
Safe recovery of the vehicle was done by incorporating a small positive buoyancy so that it can resurface in the event of a system failure. The total weight of the Maya AUV with all attachments averages to W = 54.7 kgf. The intrinsic buoyancy from the hull and nose cone is about 43.4 kgf; insufficient to make the AUV float. Therefore, the bare hull was clad in a PVC foam jacket such that a net buoyancy between 0.5 to 1 kgf was achieved.
The Maya AUV differs from other commercially available small AUVS namely Remus (USA), and Staircase dives of the Maya AUV at the Idukki Reservoir. The AUV was first commanded to execute a series of successive staircase dives to progressively larger depths starting with a dive to 2m, and ending at 21m (see Figure 7) . The descent staircase was designed with 6 levels and took 120s to level out at the 21 meter depth layer. In contrast, the ascent from 21m to the surface took only 75s. The dive rates between levels was typically ~ 0.3 faster than the dive rate of 0.08m/s of a standard APEX float (15) . The total time taken spent underwater for the 21m dive was 220s, and the horizontal distance traveled in that time was ~ 400m. The duration of a step level was set to 20s response time of the DO sensor, and then to accommodate as many steps as is possible from the surface to the maximum depth of the mission. This approach takes care of all other sensors with response times less than the maximum. When the AUV reaches a step, it cruises horizontally at this depth at a constant speed ~1.0m/s for the duration of the step, before diving down to the next deeper level. The staircases were deliberately chosen to be asymmetric, so as to collect sensor data during descent dives only, and to save time and power while ascending at a faster rate. We have preferred to base our observations on data from descending staircases only.
Accuracy of the Dissolved Oxygen Sensor. Soon after receiving the factory calibrated Dissolved
Oxygen (DO) sensor, we made simple pre-calibration checks on it by mounting it on the tip of the nose cone and logging dissolved oxygen concentrations from straight line surface runs of the AUV at the freshwater Amthane Dam, in Goa, India. Surface water samples were collected at the site behind the tracks of the AUV, and analyzed in the laboratory by the standard Winkler titration technique. It was observed that the DO sensor underestimates the laboratory method by < 6 %, but within the claimed accuracy of the sensor.
Results
Vertical profiles of sensor outputs were extracted from staircase dives (2m to 21m) with the nose cones carrying a (DO) and chlorophyll cum turbidity sensor and a CTD of Horizontal sampling of dissolved oxygen by the AUV.
Besides the capability of vertical sampling as shown above, AUVS can be used to sample in the horizontal plane i.e. collect data as it moves along tracks on horizontal planes at different depths below the sea surface or at the surface. Further, by independent control of the stern and rudder planes, it can also be made to execute corkscrew maneuvers in the 3D volume of any water body that would enable it to do vertical and horizontal sampling simultaneously. The Maya AUV was programmed to execute several long missions fitted with DO , Chlorophyll and CTD sensors. In one such mission it was made to complete several line transects of length 560m running below the surface at a depth of 1.2m with a surface pop-up at midway point along the track and several turnarounds at the end of the transect . The total distance covered was ~3.5 kms in a continuous run of 48 minutes. The results of this experiment are shown in Figure 13 where Maya samples DO properties as it yoyo's between the surface and a depth 1.2m. The colors on this track show that it has been able to capture the small changes in the weak DO maximum shown in the vertical profiles of Figure 10 and 11.
Discussion
Idukki reservoir has several features which makes it an excellent site to investigate biogeochemical processes. First, Idukki dam has been built across the river Periyar, one of the few perennial rivers in Kerala having high biologically productivity. It exhibits a well-documented seasonal cycle of phytoplankton production (C.M. Joy et al, 1990 ). Second, the deep basinal water becomes anoxic during the summer due to the coupling of high biological productivity, chemical processes and thermal stratification. To the best of our knowledge, the presence of acute oxygen deficiency at depth in the Idukki freshwater system has not been reported earlier.
Seasonal oxygen-deficiency has been known to develop in freshwater bodies as a result of the summertime stratification which isolates the winter water from the surface layer ( 
